The improvement of the energetic efficiency in vehicular systems is a growing demand when developing new technologies for the automotive sector. Laws and regulatory standards that aim at the reduction of fuel consumption, such as the Brazilian INOVAR-AUTO, create constrains in order to improve the overall efficiency and reduce the emissions of new produced automobiles. Hybrid electric vehicles (HEVs) became an alternative to achieve these goals, by adding electricity as an auxiliary propulsion source. Several surveys have revealed the advantages of hybrid configurations, which demonstrated significant fuel savings resulting from shifting the engine operation point to regions of lower consumption. This study evaluates the impact of the conversion of a 1.0L vehicle into a plug-in electric vehicle (PHEV), by means of coupling electric motors supplied by lead-acid battery to the vehicle rear wheels (Parallel HEV Configuration). Thus, by means of simulations, this work aims to investigate the impact that the auxiliary electric system can produce in the fuel consumption and emissions of greenhouse gases when the vehicle is submitted to the standard Brazilian drive cycles NBR 6601 and NBR 7024.
The studies performed were based on virtual models of a conventional car and a PHEV, both implemented through co-simulation using MATLAB/Simulink TM and ADAMS TM , as well as emission data from ADVISOR TM . These models are illustrated in Figure 1 . The adopted conventional vehicle contains one Driver Interface that simulates the driver behavior based on the Brazilian drive cycles NBR 6601 and NBR 7024. This interface chooses which gear must be engaged and also inform the Power Management System (PMS) the expected throttle position. Then, the PMS controls the engine which drives the front wheel by means of a clutch, a gearbox and a differential.
The PHEV was built using the same platform of the conventional vehicle but adding a battery pack and two rear in-wheel motors. In this configuration, the PMS was expanded to include these new components in its management algorithms. The PHEV configuration chosen for analysis is known as "through-the-road" (TtR) HEV. This is a singular type of HEV because both sources of traction force are summed up "through the road" instead of combing them into one driveline (as it is done in the majority of the other PHEV configurations studied in the literature). It makes the complex torque coupling device unnecessary; making the implementation of this parallel HEVs simple and cheap. Furthermore, the 4-wheel drive capability provides more stability to the vehicle and exceptional acceleration. Finally, this feature represents the prospect of transforming any conventional ICE vehicle into a HEV. One disadvantage of this TtR HEV is the fact that the extra torque necessary to recharge the battery supplied from the ICE through the contact surface of the road is limited to the moments when vehicle is in motion [4] .
In the present paper, based on these virtual models, the authors analyze the results of the sum of this extra electric drive system in a conventional vehicle, likewise the gear shifting strategy influences the vehicle behavior. The engine fuel consumption and emission are compared among four simulations models for each driving cycle. The first one corresponds to a conventional 1.0L Brazilian vehicle keeping the standard gear shifting strategy, provided by its manual. The second model also simulates the conventional vehicle, but with an improved gear shifting algorithm focused on fuel saving. The third and fourth models correspond to the PHEV simulations with the standard and the improved gear shifting strategies. Each model results in a distinctive engine regime that changes the fuel consumption and tailpipe emission that are strongly affected by the engine transient temperature phase.
VEHICLE LONGITUDINAL DYNAMICS
In the present studies, the simulations are based on the model proposed by [5] for the vehicle longitudinal dynamics. The Figure 2 shows the vehicle geometry parameters and the resistance forces that determine the vehicle power demand when it performs a given driving condition.
Figure 2 -Movement resistance forces and vehicle geometry, adapted from [5] The requested torque at the vehicle propelling wheels [Nm] is determined in function of the vehicle mass 
The aerodynamic drag ( ) [N] originates from the air resistance imposed by the vehicle passage through it. This resistance force is the major factor of the power demand at high speeds, and it is estimated by the Equation (3) 
On the other hand, at low speeds, the rolling resistance ( ) [N] becomes the primary resistance load. This load corresponds to the tire energy loss due to the ground adhesion, and the contact area deformation, depending on the rubber damping properties. The rolling resistance is calculated by the Equation (4), as a function of the vehicle weight (') [N].
The climbing resistance is also responsible for a parcel in the vehicle power demand. The road angle changes the weight force component parallel to the ground, resulting in a force against the movement when the vehicle is going uphill, or a force that acts in favor of the movement when the vehicle is driving downhill [5] . However, in this work, the simulations follow the standard driving cycles NBR 6601 and NBR 7024, which does not provide information about the road grade during the cycles and, therefore, the climbing resistance is considered to be null during the driving cycles.
Once the required torque is defined, the vehicle available power sources will fulfill the demand by means of its propelling systems. In this paper, as mentioned before, two different vehicles are studied: the conventional one that is propelled by the ICE associated with a powertrain system with 5 available transition ratios and the PHEV model that presents similar ICE/powertrain system as the conventional vehicle, but with an extra electric propelling system coupled directly at the vehicle's rear wheels. For the conventional vehicle, the engine required torque ( ) [Nm] is defined by the Equation (5) as a function of the gearbox (/ ) and differential (/ ) gear ratios, the powertrain overall efficiency (0 ) and the moment of inertias of each rotating component. However, during the gear shifting process, the engine is not allowed to transfer all the required torque to the gearbox, due to the clutch decoupling from the rest of the powertrain [6] . This short period when the clutch disks are decoupled allows the gearbox to synchronize the next gear with the current power train speed. During the simulations, the gear shifting time of 1 second was adopted, as proposed by [7] . The gear shifting process is defined by [8] that set 0.3 s to complete engine decouple from the gearbox, followed by 0.2 s to change the gearbox transmission ratio, and 0.5 s to gradually recoupling the clutch discs, increasing the transmittable torque until it reaches the engine output torque. The clutch transmissible torque during the gear shifting process ( @A ) [Nm] is defined by the Equation (6), as given by [9] . • G = Clutch number of faces
The vehicle acceleration performance is limited by two factors: restricted traction at start-up condition and low speed, as well as, available power to propel the vehicle [5] and [10] . The power limitation is given by the 100% throttle engine torque curve. The transmissible torque at the tire/ground contact limits the vehicle acceleration to prevent the tires from slipping. To avoid performance losses caused by the tire/ground slipping, the simulation will use the maximum transmissible tire torque as a limit in the definition of the required torque . The vehicle traction limit is modeled as proposed in [11] , as a function of the weight force acting on the vehicle axes, which may vary with the load transfers when the vehicle accelerates or brakes. Equations (7) and (8) show the maximum transmissible torque at the front N5OP ) [Nm] and rear 5OP ) [Nm] wheels, according to the tire-ground peak coefficient of friction (C) and to the parameters related to the vehicle geometry. (7) and (8) may be below the acceleration demand provided by the Equation (2), if the vehicle is limited by the tire traction limit or by the absence of torque, during the gear shifting process. For the conventional vehicle, the acceleration ( ) is given by the Equation (9) as a function of the minimum torque value ( OMF ) [Nm] , that is defined among the engine and tire limits. The first limit is the engine torque [Nm] that could not fulfill the requested torque , defined by the Equation (5), and become limited by the maximum torque curve of the engine; the available torque at the vehicle wheels
[Nm] is defined by the Equation (10) in function of the gearbox input torque U [Nm] , that is also limited by the clutch transmissible torque during the shifting time @A (Equation (6)). The third limit is the tire transmissible torque N5OP ) (for the frontal propelling system) that must be compared with the available wheel torque . 
If the vehicle acceleration resulting from Equation (10) is limited by the gearbox input torque or by the tire traction limit, presenting value below the required acceleration , the simulation starts an interactive process among the Equations (5), (7) and (9) to establish the maximum possible acceleration value. After the convergence, the engine output torque [Nm] is defined by the Equation (11) 
For the PHEV configuration, the required torque defined by the Equation (1) is divided between the available propelling systems by a power management control (PMC). In this work, a simplified PMC algorithm is proposed, for which the electric propelling system is used as the primary drive system. In other words, if the required torque is bellow of the available EMs torque a`5OP ) and the battery responsible to provide power to the EMs is not below the discharge limit, the vehicle will be propelled only by the electric system. In this case, the required torque is divided equally between the two EMs as shows the Equation (12).
When the required torque overcomes the EMs capacity ( ≥ a`5OP ) ) the combustion engine fulfills the remaining torque demand. 
If the battery reaches the maximum allowed discharge limit, the PHEV will be propelled only by the ICE. The PHEV model also respects the tire traction, the clutch transmissible torque and the torque constraints of the propelling systems. For the PHEV, the calculation is similar to the one presented for the conventional vehicle, but the Equation (5) is replaced by the Equation (14), and the acceleration is then calculated by the Equation (15), instead of the Equation (9).
Where aOMF [Nm] is the lowest torque value between the EMs required torque (2 a`) defined by the Equation (12) or (13) and the maximum transmissible torque at the vehicle rear wheels calculated by the Equation (8) . In this case, the interactive algorithm that defines the vehicle acceleration uses the Equations (7), (8), (12), (13), (14), (15) and (16) . If the EMs required torque a` overcomes the traction limit of the rear tires (2 a`> 5OP ) ), the value of 5OP ) will replace in the Equation (12) or replace a`5OP ) in the Equation (13) and the remaining torque will be fulfilled by the ICE drive system.
SIMULATION PARAMETERS
The simulations were performed by an integration between the multibody dynamic analysis program Adams TM and the Simulink/Matlab TM which provides an interface to control the multibody vehicle model by means of the Adams TM plugin Adams/Controls TM as proposed in [3] . The set of equations described previously were implemented in Simulink TM to estimate the vehicle power demand, the gear shifting strategy, and the power split between the ICE and electric systems for the PHEV simulations.
The simulated vehicle is based on a 1.0L Brazilian vehicle and the standard gear shifting strategy is the one proposed by [12] that defines the standard vehicle speeds when the gear shifting should occur. The vehicle parameters used in the simulations are shown in Table 1 .
Some modifications on these parameters related to the PHEV model are properly described in the analysis of the electric drive system. 
PHEV ELETRIC DRIVE SYSTEM
The PHEV analyzed is based on a conventional 1.0L engine vehicle with two 5 kW electric motors coupled to the vehicle's rear wheels (parallel HEV), as proposed by [13] . The electric motors were modeled as from [14] with voltage of 48 V between their terminals but as in-wheel motors, i.e., without any reduction coupling the motor to the wheel. Therefore, the simulations consider the EMs torque characteristics equivalent to the resultant torque and speeds in the vehicle wheels as from the assembly proposed by [13] . The EMs efficiency map is estimated based on the EM described in [15] . The Figure 3 shows the original and equivalent in-wheel EMs torque curves and the efficiency map for the in-wheel EM used during the simulations. The electric system current ? [A] is calculated by Equation (17), as a function of the torque at the electric motors a` defined by the Equation (12) Figure 3 and Table 2 . The current ? defined by the Equation (17) discharges the four PHEV batteries, which are similar to the 12 V lead-acid battery proposed in [13] and they are connected in series to provide the 48 V required by the EMs. This battery pack provides 100 Ah of charge and increases the mass of the vehicle in 120 kg. The battery simulation is based on the Simulink TM database lead-acid battery, using the equations described in [17] and keeping the same parameters used in the previously described battery pack.
Since the modeled hybrid vehicle is a PHEV, the battery starts the simulation fully charged by the electrical grid. The battery may also be recharged during the driving cycles by regenerative braking, i.e., when the electric motors act as generators, converting the kinetic energy of the vehicle into electricity [18] , allowing the vehicle to recover part of the energy that would be wasted during decelerations and storing it in the batteries [19] . During the simulations, the EMs regeneration capacity will be considered as 5% of the EM maximum torque curve. The remaining braking torque demanded is supplied by the friction brake system that guarantees the vehicle deceleration performance requirements [20] .
To avoid premature damage in the batteries that can be caused by theirs complete discharge [21] , the battery state of charge SoC have to be limited. Thus, the vehicle must discharge the battery until it reaches a minimum SoC of 30%-45% depending on battery type and on the powertrain configuration [2] , [22] . In this paper the battery SoC is limited to 40% as in [3] .
To define the PHEV total mass for the simulations it is considered the conventional vehicle mass (980kg) plus the 120 kg from the battery pack and the addition of 30 kg relative to the EMs and inverters. Then, the PHEV total mass becomes 1130 kg.
ENGINE SIMULATION
The ICE (Internal Combustion Engine) is modeled using the maps and simulation model provided by ADVISOR TM (Advanced Vehicle Simulator) [23] . Several papers as [2] , [22] and [24] use the ADVISOR TM models as reference to compare fuel consumption and emission simulations results. The engine specific fuel consumption map and the CO, NOx and HC emission maps of the ADVISOR TM conventional default vehicle are shown in Figure 4 . These are emissions maps after treatment of catalyst parameters for a hypothetical gasoline-powered engine in transient regime obtained from tests performed according to FTP standards and, therefore, they are only appropriate to simulation models that consider the engine transientoperation [23] .
The Adams/Simulink TM co-simulation stores the engine operation points (torque and speed) synchronized with the time vector. These results are used as an input to the engine simulation of ADVISOR TM , which defines the fuel consumption and emissions according to the set of parameters defined by the its algorithm. Among these parameters, the most important is the engine temperature, that strongly influences the emissions degree. The engine simulation starts at ambient temperature set to 20 °C and it is heated by the combustion model until it reaches the operation temperature of 95 4 5 °C, which is controlled by the engine coolant system. The engine thermal model divides the engine assembly into four temperatures: cylinders, engine block, exterior engine accessories, and the vehicle hood [23] . The heat, generated by combustion, is conducted to the engine block and removed through forced liquid cooling, conduction, natural convection, and radiation [23] .
The final tailpipe emissions are the result of engine output emissions multiplied by the total effective catalyst efficiency. The catalyst temperature is calculated based on the correlation coefficients that estimate the heat transferred by convection from the gas to the components, and from the components to the environment [23] .
DRIVING CYCLES AND EMISSION STANDARDS
The vehicle required acceleration determined by the Equation (2) is defined by comparing the current vehicle speed with standard velocities profiles defined by the driving cycles. The simulations are performed considering the NBR 6601 Brazilian urban driving cycle [25] and the NBR 7024 Brazilian highway driving cycle [26] , which are shown in Figure 6 . The emission standard NBR 6601 is defined by cold and hot start experiments. The cold start is divided into two phases: the first one stars at the beginning of the cycle and goes until 505 s; the second corresponds to the stabilized engine regime going from 505 s to 1371 s. The hot start experiment is performed after the end of the cold start one and also after a period in which the engine is turned off. The hot start stabilized phase is similar to the cold start stabilized phase and therefore it does not need to be completely executed: because the major part of the pollutants are emitted during the transient regime, especially at cold start part. The emission limits for passenger vehicles are shown in Table 3 , and they are according to the rules defined in 2003 and 2014. 
GEAR SHIFTING STRATEGY
The gear shifting strategy influences the vehicle acceleration performance and also fuel consumption because it changes the powertrain inertia and the engine speed [8] . During the simulations, a standard gear shifting strategy proposed by [12] defines the vehicle speeds for which the changes of each gear must happen. This strategy presents satisfactory results when performed in the NBR 6601 driving cycle as shown in [28] , but it can be further improved by anticipating the upshift and putting the engine to operate in a more efficient region of its consumption map.
Experimental results from [13] demonstrated that the extra electric power added to the vehicle by the EMs reduces the engine required torque, allowing the PHEV to perform an earlier upshift as compared with the conventional vehicle. The simulations for the conventional vehicle and the PHEV are performed using the standard gear shifting strategy and also the gear shifting algorithm developed by [29] , that analyses the ICE required torque and performs an upshift, if it is possible, to fulfill the power demand using the next available gear.
To avoid performance losses generated by the interruption of the engine torque supply caused by the clutch decoupling/recoupling process, a dwell time between two subsequent gear shifts is implemented in the algorithm as suggested by [30] , in order to prevent several consecutive gear shifts.
RESULTS
As commented previously, two simulations were performed for each vehicle, the first adopting the standard gear shifting strategy and the second with the modified gear shifting algorithm. The fuel consumption and emissions for the NBR 6601 driving cycle are shown in Table 4 . [23] .
The PHEV simulations presented improvements in vehicle performance, by reaching a final travel distance close to the total length of the cycle due to the extra electric in-wheel motors that continued to propel the vehicle during the gearshifts, reducing or even eliminating the speed decrease caused by the clutch decoupling. This happens because the proposed PHEV electric drive system acts independently of the engine/powertrain system. Considering now the application of the modified gear shifting strategy improved the fuel consumption in both models. However, the final travelled distance decreased as compared with the respective vehicle when using the standard gear shifting strategy, because more frequent gearshifts decrease the vehicle performance.
To better analyze the differences between the simulated vehicles, their engine operation points are shown in the Figure 7 . It is possible to observe that the PHEV simulation resulted in expressive decrease in the engine required torque, presenting only few points close to the engine maximum output torque (100% throttle). The second observed behavior is in respect of the gear shifting strategy: the modified gear shifting algorithm that anticipates the upshift process moves the operation points for the engine lower speeds and also higher torque as compared to the respective vehicle using the standard gear shifting tactic. The results shown in Figure 7 represent the engine behavior during the NBR 6601 driving cycle, however, it is difficult to analyze the simulation outcomes over the engine fuel consumption and emissions maps, because there are several superposed points that could generate incorrect interpretation of the engine behavior. To facilitate the analyses of the engine operation point the tactic used previously in [29] is adopted. The method consists in locating the smallest Standard gear shifting Modified gear shifting 100% engine throttle rectangular region that concentrates 75% of the engine operation points. This rectangular region is defined by an interactive algorithm, which starts with the whole set of engine torque and speed values. They must be compensated to represent similar weights in the minimum rectangle area definition. The vertices of the rectangle values are changed randomly, and the resulting area is compared to the previous results, and if the rectangle does not contain at least 75% of the engine point this result is discarded. The process is repeated several times until the convergence of the minimum rectangle that keeps 75% of the operation points.
The fuel consumption and emission maps are analyzed in two different modes in this paper. The first one is the original format that shows the amount of consumed fuel (or generated emission gas) by operation time and output power that characterize the specific maps . The Figure 8 shows the engine specific and volumetric fuel consumption maps, and also the rectangles defined by the four simulated cases that represent the location of the majority of operation points.
Figure 8 -Engine fuel consumption maps
As observed in Table 4 , by changing the conventional vehicle gear shifting strategy the engine fuel consumption decreased 115.9 ml (8.02%). Observing the specific fuel consumption map from Figure 8 is possible to conclude that the modified gear shifting strategy moves the operation point to a lower engine speed region that represents an efficiency decrease in relation to the output power by amount of fuel consumed. However, if the same effect is analyzed in the volumetric fuel consumption map, the modified gear shifting strategy moves the engine operation points to a lower volumetric fuel consumption region that represents the fuel saving using this gear shifting strategy.
Similar analyses could be made for the PHEV as compared with the conventional vehicle. The result from Table 4 shows a 41.63% fuel saving as compared with the conventional and the PHEV using the standard gearshift strategy, and 49.91% fuel saving comparing both models using the modified gear shifting algorithm. Now, observing only the PHEV simulation output without the modified gear shifting effect (green rectangle) the engine operation points were moved to the low torque regime, because one parcel of the required torque is now provided by the EMs propelling system. Similar to the analysis of the gear shifting effect, the operation points for the PHEV engine represent an efficiency decrease in the specific fuel consumption map, but also moved to a lower fuel consumption region in the volumetric map, which explains the fuel saving results depicted in Table 4 . Finally, the PHEV that uses the modified gear shifting strategy presents the minimum fuel consumption because it combines the effect of the electric drivetrain, which reduces the engine torque, and simultaneously anticipates upshift, which moves the operation point for a lower volumetric fuel consumption region. It is important to emphasize that the PHEV fuel consumption savings must be compensated, because the electric energy used to charge the battery pack represents a cost that must be converted in equivalent fuel consumption and added in the final PHEV engine consumption to determine the real gain offered by the PHEV as compared with the conventional vehicle [2] . However, this kind of analysis is not the focus of this paper and, due to this, the comparatives are based on the results from Table 4 without any correction coefficient.
Analyzing the engine emissions for the conventional vehicle, it is observable that the alternative gear shifting strategy moves the engine operation points to a region that outputs more pollutants, as shown in the g/h maps in Figure 9 . In some cases, by visual analyses, the shift in the engine operation point seems not to change the emission region values, especially in the g/h maps. However, Table 4 shows that the emissions increases for all the analyzed tailpipe gases (+7.14% CO +9.92% NOx and +2.18% HC) from the conventional vehicle with modified gear shifts, as compared to the standard strategy.
This effect is explained by the reduction of the engine speed with the anticipation of the upshift, which reduces the combustions in the engine cylinder, and consequently the generated heat. In the PHEV simulation, the decrease in the requested torque also reduces the generated engine heat, and therefore, increases the time needed so that the engine reaches its ideal working temperature. The engine temperature during the NBR 6601 cycle is shown in Figure 10 . It is possible to observe that the combination between the electric motor and the modified gear shifting strategy delays the warming-up of the engine. As described previously, the engine emissions maps were obtained from transient regime data, and corrected as function of the engine temperature. This effect can be noticed from Table 5 which shows the emission in the cold starts phase (0 to 505 s) presenting much higher values, as compared with the remaining cycle excerpts. Due to this effect, the modified gear shifting strategy increases the emission in the conventional vehicle, because it increases the engine warming-up interval, increasing the pollutant emissions while the engine does not reach the temperature of stabilization, as shown in Figure 10 .
On the other hand, the PHEV needs even more time to reach the engine stabilized regime, but presents lower emissions values compared to the conventional vehicle, and differently of the conventional vehicle, the PHEV presents the best results using the modified gear shifting strategy analyzing the final result from Table 4 . It happens because the emission reduction by the change of engine operation point ( Figure 9 ) overcomes the effect of the low engine temperature that increases the emissions, until the engine reaches the appropriate temperature. At the same time, the gain of the modified gear shifting strategy applied to the PEHV must be evaluated according to analyzed tailpipe gas and cycle phase, because in some cases the use of the standard gear shifting strategy presents better results as could be observed in the Table 5 .
The employed gear shifting strategies are show in Figure 11 . One may see that the modified shift tactic anticipate the upshift, increasing the usage of the 4 th gear during the cycle. The results for the hot start phase are similar to the cold start simulation in the cycle beginning. In the PHEV simulation the vehicle does not need to use the 1 st gear because the addition of the extra electric power enables the PEH to fulfill the required startup torque by engaging directly the 2 nd gear. Figure 11 -Gear shifting strategies Finally, the resulting emission from all the simulated vehicles are compared to the standard emissions limits shown in Table 3 . As described before, the conventional vehicle presents higher emission levels than the limits imposed in 2003, because the simulate engine data is based on a model of a 2002 engine. Considering the PHEV model, the emissions presented an expressive reduction. The CO emissions are 20.71% below the limit when using the standard gear shifting strategy and 27.96% below when the modified strategy is employed. Analyzing the NOx emissions, the PHEV outputted an outcome very closer to the 2014 NOx maximum limit when using the standard gear shifting strategy; but when the modified strategy is used the result is 24% above the same limit. The worst outputs presented by the simulated vehicles are related to the HC emission that oversteps the 2007 maximum tolerances; the best obtained result (PEH+ standard gearshift) is still 2.7 times higher than the 2014 restrictions. On the other hand, the HC emission decreases 33.99% as compared to the conventional vehicle results.
The same simulations were performed for the NBR 7024 driving cycle that characterizes the vehicle highway driving behavior. The results obtained for this cycle can be seen in Table 6 . It is noticeable that the PHEV model presented an expressive reduction in the fuel consumption (43.07%) and also a reduction in the engine emissions. Since the NBR 7024 is no more adopted as a standard to evaluate vehicle emissions, the results for this cycle are only to perform comparisons amongst the simulated vehicles and cannot to be compared with the restrictions established in Table 3 . Comparing the data from Table 4 with the outcomes from Table 6 , it is possible to observe that the same tendencies related to the engine fuel consumption and pollutant emissions are still present for the cycle given by the NBR 7024. The only exception relies on the NOx emissions, which increased by the selection of the modified gear shifting strategy, in opposition to what happened for the NBR 6061. Despite of that, the modified gear shifting strategy shows less influence in the NBR 7024 cycle when compared to the results for the NBR 6601 cycle. This might be due to the fact that highway driving cycles has a long path of high speed with only a few gear shifts between the top and the 4 th gear transmission ratios, as could be observed in Figure 12 . The effect of the reduced number of gearshifts during the cycle can also be observed by the closer overall travelled distance resulted from all simulations.
CONCLUSION
In this paper, it was studied the influence of the electric hybrid vehicle technology in the engine fuel consumption and emissions. The effects of an improved gear-shifting algorithm were also evaluated. The engine operation regime (torque and speed) is acquired from the simulation of the vehicle longitudinal dynamics, and it provides the input data for the engine simulation based on the ADVISOR TM engine model and its maps, which made possible the calculation of the fuel consumption and emissions for a 1.0L engine.
The simulations were based on the Brazilian standard driving cycles NBR 6601 and NBR 7024 and the results are compared with the regulated emission standards. The PHEV simulation shows an expressive improvement of the vehicle fuel consumption and also reductions in the tailpipe emission. The use of an improved gear shifting algorithm that reduces the fuel consumption by anticipating the upshift, only presented improvements for some pollutant emissions, depending on the simulated vehicle and cycle excerpt.
The PHEV fuel consumption improvement must be compensated by estimating an equivalent fuel consumption that compensates the cost of the electric energy used to charge the PHEV battery. This equivalent fuel consumption must be added to the final engine consumption to define the real gain of the PHEV as compared with the conventional vehicle.
Finally, it is concluded that the employment of electric motors as an auxiliary propelling system in the vehicle allowed the engine to spare fuel, by reducing its torque demand and, therefore, allowing an anticipated upshift which moved the operation point to a lower consumption region. By operating the engine at lower torque regime, the PHEV tailpipe emission are also reduced even with the engine slower warming-up period. Due to this fact, the next step will be to optimize the PHEV system and its gear shifting strategy to find out the most adequate power split between the combustion and electric power sources, which can minimize not only fuel consumption, but also pollutant emissions and simultaneously the battery discharges.
